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Abstract The morphologies of subducted remnants in the lower mantle are essential to our
understanding of the history of plate tectonism. Here we image a high-velocity slab-like (HVSL) anomaly
beneath the southeastern U.S. using waveforms from ﬁve deep earthquakes beneath South America
recorded by the USArray. In addition to travel time anomalies, the multipathing of S and ScS phases at
different distances are used to constrain the HVSL model. We jointly invert S and ScS traveltimes, amplitudes,
and waveform complexities to produce a best ﬁtting block model characterized by a rectangular shape with a
2.5% S wave velocity increase and tapered edges. While the Farallon slab is expected to dip primarily
eastward, the HVSL structure apparently dips 40° to 50° to the SE and appears to be related to the eclogitized
Hess conjugate.
1. Introduction
The improved imaging of structures in the lower mantle could provide critical constraints on mantle
dynamics and help to understand the evolutionary processes that govern surface tectonics (e.g., Biryol
et al., 2016; Joneset al., 1994; Liu et al., 2008; Porritt et al., 2014; Saleeby et al., 2012; Schmandt & Lin, 2014).
Numerous studies have produced consistent images of high-velocity anomalies in the deep mantle (depths
>1,000 km) beneath the eastern U.S. that might represent remnants of the Farallon Plate that was subducted
along the western margin of North America starting in the Cretaceous (Figure 1) (e.g., Bunge & Grand, 2000;
Grand, 2002; Ritsema et al., 2011; Simmons et al., 2012). However, the origins of high-velocity fragments
within the mantle transition zone (~300–1,000 km) are still under debate. Sigloch and Mihalynuk (2013) pro-
posed a scenario assuming a normal rate of slab sinking, that is, 2 cm/yr (Grand, 2002), and interpreted the
fast anomalies as originating from intraoceanic subduction to the west. Liu et al. (2010) discussed the roles
of oceanic plateau subduction in the generation of these fragments and the associated Laramide orogeny
by combining plate kinematic reconstructions with the inverse modeling of mantle convection. In contrast,
Biryol et al. (2016) argued that fast anomalies may reﬂect dense lithospheric mantle that has been partially
removed due to delamination.
The controversy presented herein is at least partly due to the inconsistent tomographic images provided by
different studies. Lu and Grand (2016) concluded that tomographic models generated without correcting for
slab effects in the source region could map errors reaching 0.5% into the predicted shear wave velocity
anomalies. Moreover, models produced via tomographic methods may underestimate the strengths of such
anomalies. For example, the velocity perturbations representative of slab-like structures are generally smaller
in tomographic images than in those inferred from recent waveform modeling endeavors (Zhan et al., 2014).
The modeling of broadband waveforms can provide complimentary constraints on the velocity perturba-
tions, sharpness, and geometries of various anomalies (e.g., Chu, Helmberger, et al., 2012; Silver & Chan,
1986; Song & Helmberger, 2007a, 2007b; Sun & Helmberger, 2011). In particular, for a slab-like structure,
we would expect S and ScSwaves to sample the structure differently, as displayed in Figures S2 and S3, where
we present some sensitivity tests for a variety of geometries. The synthetics were generated with a new ﬁnite
difference method (Li, Helmberger, et al., 2014) and are discussed in the supporting materials (Helmberger
et al., 1985; Vidale et al., 1985; Levander, 1988; Chen et al., 2006; Tromp et al., 2008; Tromp et al., 2010; Li,
Sun, et al., 2014). When raypaths are aligned with the edge of a slab, the associated multipathing produces
waveform distortions, travel time jumps, and amplitude variations. These waveform complexities depend
on both the source depth and source duration and can lead to a complicated analysis.
We explore the extensive and dense raypath coverage provided by the USArray over the past decade using
deep earthquakes generated beneath South America to investigate shear-wave velocity anomalies beneath
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the southeastern U.S. (Figure 1b). Accordingly, we jointly model S and ScS traveltimes, amplitudes, and wave-
form shapes to establish the velocity model and morphology of the high-velocity slab-like (HVSL) anomaly
beneath the southeastern U.S. and the northern Gulf of Mexico.
2. Data and Measurements
The deployment of the USArray between 2011 and 2013 provides unprecedented raypath coverage beneath
the southeastern U.S. (Figure 1). Consequently, we examined recordings from events with magnitudes of 5.5
or greater from the South American subduction zone that occurred during this period of deployment. Only
events with focal depths exceeding 300 km are selected to avoid interference between depth phases and
triplicate arrivals as well as slab contributions on the source side. Nearly 4,000 broadband displacement
waveforms from ﬁve events (Table S1) recorded by both USArray and permanent stations in North
America were collected for further data processing and to apply quality control measures to mitigate noise
issues. All of the horizontal component waveforms are deconvolved with the instrument response, rotated
into a radial-transverse coordinate system, and high-pass ﬁltered with a cutoff frequency of 0.01 Hz. Since
the earthquake mechanisms exhibited favorable SH wave radiation patterns toward the north, only SH
waveﬁelds are addressed herein. The ﬁnal dataset consists of 3,328 shear wave records after applying quality
control measures based on the signal-to-noise ratio (S/N) threshold >10, which is deﬁned as the maximum
amplitude of the S wave divided by the standard deviation of the background noise within a 40 s window
prior to the S wave arrival.
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Figure 1. Map views of tomographic models and the event station conﬁguration. (a) Map view of the LLNL (Simmons et al.,
2015) and S40RTS (Ritsema et al., 2011) models at a depth of ~900 km displaying tomographic images of the fast fragment
(dashed box) beneath the southeastern U.S. The black line indicates the great circle path used to invert the optimal 2-D
model in this study. (b) Distribution of events (red stars) and stations (yellow circles) used in this study.
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We measure the relative amplitudes (ΔA) and differential traveltimes (ΔT) by cross correlating the S and ScS
waves between the data and synthetics computed using the direct solution method (DSM) (Kawai et al.,
2006), the PREM (Preliminary Reference Earth Model) (Dziewonski & Anderson, 1981), and source solutions
from the GCMT (Global Centroid Moment Tensor) catalog (Dziewonski et al., 1981; Ekström et al., 2012).
The pattern of travel time and the amplitude anomalies for the S and ScSwaves recorded from the ﬁve events
were mostly consistent. As shown in Figure 2a, the fast anomaly for event 2012.149 (Table S1 in the
supporting information) is represented within the maps as a region with a negative ΔT and a shift of the
ScS phase of ~2° to the south relative to the S wave. This shift demonstrates the different sensitivities of
the direct S and ScS phases to the structure as a function of their different ray parameters, which can be
utilized as a useful tool for probing the geometry of the anomaly. Moreover, the distribution of the fast
anomaly along with its reduced amplitude (Figure 2a) implies the presence of strong waveﬁeld distortions
due to multipathing effects.
To demonstrate how multipathing phenomena can be produced, we select an event with a short source
duration and stack the seismic records in 0.5° distance bins. Traveltime differences of ~4 s relative to predic-
tions from the PREM and the signiﬁcant broadening and complexity of the stacked Swaveforms between dis-
tances of 57° and 60° are observed (Figure 2b). Similar features are also observed in the ScS stacked
waveforms, albeit with an ~2° shift to the south. Note that this shift between the S and ScS phases is observed
among all of the synthetics (Figures S2 and S3) and is indicative of a SE dipping structure. The distortion
T (s)
S 
T (s)
 
A 
A
-4    -2     0      2     4 -2     -1       0        1      2
(a)
S 
ScS ScS
56
58
60
62
64
66
68
70
2
1
3
4
4
2
4
4
3
3
4
3
4
3
4
2
3
4
3
4
4
4
4
3
3
3
2
3
 
(de
gre
e)
Time (aligned on S) 
1000 1080
Time (aligned on ScS) 
S ScS(b)
1010 1020 1030 1090 1100 1110
Figure 2. Displays of the data measurements and stacked waveforms. (a) An example event (2012.149) showing the
traveltime and amplitude anomalies relative to the PREM. All measurements are plotted at the station locations. For the
traveltime delay maps, colder and warmer colors indicate advanced and delayed arrivals of the S and ScS phases,
respectively. For the amplitude anomalies, the blue and red colors represent the reduced and ampliﬁed amplitudes of the
S and ScS phases, respectively. The area with a fast anomaly and a reduced amplitude is demarcated with black (S) and
red (ScS) circles. To better compare the locations of the S and ScS anomalies, we plot the Swave anomaly as a dashed black
circle on the ScS anomaly map. (b) Record sections from the 2011.326 event spanning an azimuthal range of 3° along
the great circle path (black line) shown in Figure 2a. The ﬁrst and second columns display the S and ScS waveforms,
respectively, stacked in distance bins of 0.5°. The number of stations included in each bin is labeled at the bin center.
The red traces plotted at the tops of the columns are the source wavelets obtained from the stacked data at distances of
less than 70°. The shaded regions indicate the presence of strong waveform distortions that are caused by mantle
heterogeneities. The red dots and red bars indicate multipath arrivals and broadened waveforms, respectively.
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patterns between the S and ScS phases is highly dependent upon the slab shape. Moreover, signiﬁcant shifts
in the Swaveform complexities among various events are expected because of changes in the epicentral dis-
tance and source duration.
The azimuthal variations in the traveltime delays suggest that the HVSL structure is approximately 550 km
wide (perpendicular to the raypath) (Figure 2a). Off-great-circle diffractions might also produce multipath-
ing effects if the seismic waveﬁeld propagates across sharp velocity boundaries (i.e., the western and
eastern edges of the anomalous region). Since the radius of the ﬁrst Fresnel zone is ~150 km for a shear
wave with a 5 s period at a depth of 500 km, record sections formed from events traversing the middle of
the anomalous region should be relatively free of off-great-circle propagation effects. We acknowledge
that 3-D effects should be considered to better understand the detailed morphology of such a high-
velocity anomaly, but the lack of deep events from the east (i.e., the Atlantic) limits the availability of
record sections for this type of waveform study. However, we will demonstrate that much of the waveform
complexity from this data set can be explained by an idealized 2-D block (i.e., an HVSL), as discussed in the
following sections.
3. Waveform Modeling and Inversion
We attempt to model a 2-D corridor (introduced in Figure 1) to ﬁt the observed travel times, amplitudes,
and waveform shapes. We use the LLNL (Lawrence Livermore National Laboratory) model (Simmons
et al., 2015) as the background model, which explains the traveltime behaviors well but cannot account
for the observed amplitudes and waveforms (Figure S4). Moreover, while the tomographic models show
an HVSL structure that is sampled by S waves near 60° (Figure S1), those same models are too smooth to
effectively display the observed effects of multipathing (Figure 2b). To investigate the possible morphology
of the anomaly, we establish an inversion (illustrated in Figure 3a and Table S2) that grid searches for the
best ﬁtting rectangular block using six model parameters: the dip angle, velocity perturbation, sharpness,
width, length, and top boundary (TB) depth. This rectangular block is inserted into the LLNL model, and
the velocity ﬂuctuations are added to the existing velocity anomalies inside the block. We also allow the
TB depth to vary and give the edges of the block a transition zone characterized by a sharpness value. In
summary, we have portrayed a smoothed rectangular block with just six parameters. All of the synthetics
involved in the grid search procedure are calculated using an efﬁcient graphics processing unit-based
2-D ﬁnite difference (FD) method (Li, Helmberger, et al., 2014) with source solutions from the GCMT catalog.
We set the FD grid size to 1 km and the time step to 0.01 s to ensure that the simulated waveﬁeld is accu-
rate up to 1 Hz.
3.1. Sensitivities and Trade-Offs Between the Model Parameters
We carried out a series of sensitivity experiments using simulated waveforms and data measures to clarify
their effective constraints on each model parameter. As shown in Figure S5, due to the deviations in ray para-
meters between the S and ScS waves, the changes in dip angle of the anomaly signiﬁcantly altered the tra-
veltime and amplitude patterns as well as the shapes of the S and ScS waveforms (as shown in Figure S2).
An increase in the anomaly width will broaden the anomalous patterns (Figure S3), and variations in its length
will perturb the predicted traveltime and amplitude curves at nearer and farther distances, respectively, for
the S and ScS phases. Changes in the TB depth of the anomaly will produce similar effects in terms of shifts
in the observed distances of the anomalous region relative to various dip angles (Figures S2 and S3). In short,
trade-offs between the model parameters are inevitable while exploring the six-parameter model space all at
once. To mitigate these trade-offs, we jointly model the travel times, amplitudes, and waveform complexities
of the S and ScS phases derived from ﬁve events at different distances. Combining a variety of event-station
ray conﬁgurations with different sensitivities in the inversion can largely improve the resulting resolution and
eliminate potential trade-offs.
3.2. Inversion Methodology and Results
Beneﬁting from the highly efﬁcient FD program, we compute large numbers of Green’s functions to form a
library of idealized slab models (see Table S2). We grid search for the six parameters by minimizing the differ-
ences in the travel times, amplitudes, and waveforms between the synthetics and the data. The cost function
ε is deﬁned as the sum of the L2 norm of the misﬁt errors for different events as follows (Ko et al., 2017):
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Figure 3. The 2-D model and inversion results. (a) The model layout for the 2-D waveform simulation showing the ﬁve
event locations (red stars) and raypaths from the nearest (red) and the most distant (black) events. The inset shows the
model parameters used to describe the geometry of the fragment, including the dip angle, width, length, top boundary
(TB), sharpness, and velocity perturbation of the fragment. Note that the top and the bottom of this 2-D block have tapered
sides. Cross-section AA0 represents the proﬁle used to estimate the velocity gradient shown in Figure 5. (b) Histogram of
the misﬁt functions estimated using the 1-D PREM, the 3-D LLNL model, and our idealized HVSL models. The misﬁt maps
with contours demonstrate the values of the cost function with different trial model variables: (c) the dip angle and TB, (d)
the sharpness and width, and (e) the velocity perturbation and length. The white stars indicate the optimal solutions,
while the yellow dots are the results from the models whose waveform sections are shown in Figures S2 and S3. The black
contours delineate the regions in which the misﬁt deviates from the global minimum by less than 5%.
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where i and j correspond to the phase and event indices, respectively, and ΔTi and ΔAi account for the misﬁts
in the ΔT and ΔAmeasurements, respectively, from the S and ScS phases between the observeduobs and syn-
thetic usyn data sets. The numerator in the third term evaluates the degree of waveform dissimilarity between
uobs and usynaccording to the so-called decorrelation coefﬁcient (DC), which is deﬁned as one minus the nor-
malized cross-correlation coefﬁcient (CC) between uobs and usyn, wherein τ is the time shift at which the cross-
correlation coefﬁcient attains its maximum. The waveform window is deﬁned byt1 and t2, which indicate the
starting and ending times that are deﬁned as 10 s prior to and after the phase arrival time, respectively. Each
of the ΔTi, ΔAi, and DC quantities are dimensionless following normalization with their standard deviations,
which are σΔTi , σΔAi , and σDC, respectively.
In Figure 3b, we display the three misﬁt terms for each of the models (i.e., the PREM, the LLNL model, and our
preferred models) with three sets of bars, namely, ΔT is shown in blue, ΔA is shown in red, and the CC is
shown in green. After conducting the grid search, we obtain two models (Models I and II in Figure 3b) that
reveal depths for the TB of the fragment that are the shallowest depth of the HVSL anomaly (300 km and
500 km, respectively). The traveltime and waveform ﬁts improve signiﬁcantly, but the improvement in the
amplitude ﬁt is minor. The misﬁt in the amplitude anomalies may be attributable to the susceptibility of
the wave amplitude to scattering and the attenuation effects sourced from heterogeneities in the Earth’s
interior, suggesting that regional large-amplitude variations cannot be modeled under a 2-D structure
approximation. For example, a shallow structure, such as a thick sedimentary basin beneath a receiver, will
affect the waveform amplitude. Note that the misﬁts remain relatively high but stable, that is, the largest mis-
ﬁts in the amplitude are nearly constant, which implies that the slab effects are mainly sensitive to the travel-
time and the waveform shapes. In summary, while the misﬁt errors remain large, the slab structure can be
resolved. In particular, in Figures 3c–3e, we display three sets of misﬁt surfaces from the grid search. Our
inversion results suggest that for greater slab depths, gentler dip angles are required to ﬁt the data
(Figure 3c). The embedded HVSL anomaly with a TB located at a depth of either 300 km or 500 km can return
an equally good ﬁt for the observed waveforms. Considering the combined effects of the sharpness and
width (Figure 3d), our optimal model prefers a 100 km thick fast core with tapered edges that are ~50 km
thick along both sides. The severe trade-off between the velocity perturbation and the length of the structure
is expected because of the complementary effects of these two parameters. However, by jointly inverting the
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Figure 4. The ﬁtting results for events (a) 2012.149 and (b) 2011.326. The black lines are the observed waveforms, and
the red lines indicate the synthetic waveforms obtained using our preferred model. Due to differences in the source
durations of the earthquakes, the synthetic waveforms are low-pass ﬁltered with cutoff frequencies of 0.1 Hz (Figure 4a)
and 0.4 Hz (Figure 4b). The dashed blue line shown in Figure 4b delineates the multipathed arrivals.
Geophysical Research Letters 10.1002/2017GL075032
KO ET AL. HESS CONJUGATE EMBEDDED IN FARALLON SLAB 10,221
model parameters from ﬁve separate events at different distances, these trade-offs can be largely mitigated
(Figure 3e).
Examples of waveforms that are ﬁt to the stacked observations are presented in Figure 4. Note that the clear-
est multipathing occurs for events with the shortest durations (Figure 4b). Although our preferred model
readily explains most of our observations, there are still signiﬁcant ﬂuctuations in ΔA and ΔT for the ScS
phases recorded by stations between 73° and 77° from the event (2012.149) with the farthest distance
(Figure 1). The anomalous traveltime delays in the ScS arrivals disappear for the closer events, which implies
that the source of the low-velocity anomaly is situated within the lower mantle. Recently, Ko et al. (2017)
reported a pile-like low-velocity structure (PLVS) underneath a fast slab below northern South America
(Figure 3a). The proposed location of this PLVS is well correlated with the ScS bounce points at the core-
mantle boundary (CMB), which are delayed for the raypaths from event 2012.149. In conjunction with an
anomalous lower mantle structure, the simulated waveforms can not only capture the ﬁrst-order patterns
of the traveltime and amplitude anomalies (Figure S6) but also recover the waveform complexities induced
by the sharp edges of the HVSL structure.
4. Discussion
While we are able to identify a subducted, embedded, dipping HVSL structure beneath the southeastern U.S.,
the true dip of the HVSL anomaly is difﬁcult to resolve with only one azimuthal sample (i.e., with a 2-D section)
because of the trade-off in the strike and dip values. The uncertainty in the dipping angle may also affect our
estimates of the fragment sharpness and the amplitude of the HVSL. However, clear observations of multiple
arrivals (red circles in Figure 2b) are strongly correlated with the alignment between the edges of the HVSL
and the event raypaths. If the raypaths do not align well with the edges of the HVSL, we expect a sharper,
higher-amplitude resolution of the edges of the fragment (Sun & Helmberger, 2011). Hence, we suggest that
the sharpness of the HVSL as deﬁned in this study should constitute a valid feature. Moreover, our inversion
results suggest two HVSL structure models with TB depths of either 300 km or 500 km can readily explain the
data. However, there is evidence for a well-developed seismic discontinuity at a depth of 290 km with a posi-
tive 3% P wave velocity anomaly (Chu, Schmandt, et al., 2012) at a location that is in agreement with the
results of this study (Figure 2). Thus, the model with a TB depth of 300 km appears to be preferred. Future
studies utilizing earthquakes with better azimuthal and distance ranges at regional epicentral distances
may provide better constraints on the true dip and TB depth of the structure. Because of the well-known
changes in viscosity at 660 km encountered by sinking slab-like segments, we expect considerable changes
in both the velocity and thickness of the fragment. It is likely that the shape of the HVSL structure will become
complex as it crosses the transition zone, which could present a problem for our simple parameterization.
Further 3-D simulations are necessary for better understanding the detailed 3-D morphology of this HVSL
body, especially the portion in the transition zone.
4.1. The Origin of the HVSL
Many studies have identiﬁed the HVSL anomaly beneath the southeastern U.S., but its origin is still unclear.
Two competing scenarios have been proposed involving the subduction of the Farallon Plate (FAR) (Liu
et al., 2010; Porritt et al., 2014; Schmandt & Lin, 2014) and the removal of lithospheric material (Biryol
et al., 2016).
A general consensus has been reached that the FAR previously subducted beneath the westernmargin of the
North American Plate and is currently forming a complex, dipping wall reaching the CMB beneath the eastern
U.S. (i.e., Grand, 2002). The present-day position of the FAR is indicated by a north-south trending high-
velocity region (Figure 1a). By combining plate kinematic reconstructions with inverse models of mantle con-
vection patterns, Liu et al. (2010) discussed the role of oceanic plateau subduction on the generation of both
the FAR wall and the associated Laramide orogeny. They argued that the subduction of the Shatsky and Hess
Conjugate plateaus (SC and HC, respectively), which were located atop the FAR (Figure S7). These authors
used inverse models of mantle convection patterns to migrate the high-velocity region back in time for a
comparison of the positions of the SC and HC when they encountered the western boundary of the North
American Plate. Using a recent plate reconstruction (Müller et al., 2008), they assumed that the SC and HC
traveled with the FAR and constructed images of their positions over geological time. They predicted (as
shown in Figure S7) that the HC is currently positioned in the mantle beneath the Gulf of Mexico (GOM),
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which agrees quite well with the position of the HVSL structure from our results. Moreover, in the recent glo-
bal forward mantle convection model with paleogeographical constraints, the predicted HC localizes below
the northern GOM, which also coincides with our estimate of the HVSL structure (Figure S8).
Biryol et al. (2016) proposed an alternative scenario to explain the presence of the HVSL anomaly that is asso-
ciated with the gravitational removal of lithospheric materials rather than the subduction of the FAR.
Although the controlling factors on delamination are still unclear, the gravitationally assisted delamination
of the mantle lithosphere has been inferred from various surface observations, including magmatism and
anomalous surface deﬂections (e.g., Elkins-Tanton, 2005, Kay & Kay, 1993, West et al., 2009). One strong line
of supporting evidence for a delamination scenario in this region is an anomalously thin lithosphere that is
detected near the surface (Biryol et al., 2016). Partial melting induced via lithospheric delamination can also
help to explain the intraplate volcanism observed in this study area (e.g., Biryol et al., 2016, Mazza et al., 2014).
4.2. The Effective Thickness of the HVSL
Both of the abovementioned scenarios appear to explain the HVSL to some extent. However, most previous
interpretations heavily rely on tomographic imagery. As we suggested earlier, tomographic images alone
cannot discriminate between delaminated lithospheric materials and subducted slab materials, as both con-
stitute very similar seismic signatures. The sharpness of the structure, on the other hand, can help to
differentiate between these possible origins.
We display our results for the normalized S wave velocity anomaly of the HVSL structure in Figure 5 along
with a comparison of the predictions from various tomographic and geodynamic models. The results from
the LLNL model and the HVSL cross section are acquired along the proﬁle AA0 in Figure 3a (inset), which is
approximately 800 km wide with a central depth of 900 km. The temperature ﬁelds of the slab and ambient
mantle (inset of Figure 5) were derived from a global mantle convection model (Figure S8), which incorpo-
rates paleogeographic constrains on the surface velocity ﬁelds (Bower et al., 2015). The predicted thermal
structures of the slab from this numerical model (Figure S8) agree well with those generated from the
LLNL model, but they do not ﬁt our optimal HVSL model (Figure 5). One way to sharpen the velocity gradient
of the dynamically thermal slab is to consider variations in the chemical composition of the anomaly. As men-
tioned earlier, a localized dynamic subsidence in the GOM from the Paleocene can be attributed to the eclo-
gitized HC (Figure S8). Since the thickness of the oceanic crust beneath an oceanic plateau (i.e., the HC and
SC) is 4–5 times thicker than that of a normal oceanic plate (i.e., Korenaga & Sager, 2012, Vallier et al.,
1983), we expect that the basalt-eclogite transition in the HC during its subductioncould have led to not only
a density anomaly but also a seismically detectable velocity anomaly (i.e., Williams & Revenaugh, 2005). Such
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a complex density anomaly embedded within the FAR could have formed a possible substructure (i.e., an
HVSL) with an apparent strike and dip that are different from that of the FAR.
In contrast to the subductionscenario, we also consider the recently predicted generic delamination structure
fromWang and Currie (2015) for a comparison with the HVSL structure (Biryol et al., 2016). The negative buoy-
ancy due to the thermal contraction could drive delamination of continental lithosphere in a cratonic region,
even though the lithospheric mantle is regarded as depleted in iron (Song & Helmberger, 2007a, 2007b). But
the negative buoyancymay not be strong enough to allow the delaminated lithosphere to sink into the lower
mantle. We compared the simulated thermal structure of a delaminated mantle lithosphere 10 Myr after its
removal from the upper plate (Wang & Currie, 2015) (Figure 5). The effects of thermal diffusion by the ambi-
ent mantle on the delaminated materials are not severe because of its relatively short time in the convective
mantle; thus, the fragment can still produce a sharp velocity gradient (Figure 5). If the delaminated materials
stay in sublithospheric mantle for a longer period, the thermal diffusion would gradually smooth out the
boundaries. Even though our model with sharp edges is consistent with the lithospheric delamination sce-
nario if purely thermal effects are considered, it is unlikely for the delaminated materials to sink to
~900 km depth within 10 Myr, considering the average sinking rate is 1.3 ± 0.3 cm/yr for the whole mantle
(Butterworth et al., 2014).
In summary, the depths (~900 km) and sharpness of the anomaly suggest that the HVSL is resulted from the
eclogitized Hess conjugate that embedded within the Farallon Plate. The basalt-eclogite phase change in the
thick Hess conjugate crust not only contributes to the subsidence in the GOM in the Cenozoic (Figure S8) but
also signiﬁcantly elevates the seismic velocity gradients.
5. Conclusion
We have demonstrated the existence of a HVSL structure penetrating into the lower mantle. Its location and
geometry are inferred from systematic patterns of the waveform distortions of the S and ScS phases from ﬁve
events. An inversion of these data reveals two solutions depending on the TB depth and the dipping angle
(i.e., 300 km, 50° and 500 km, 40°). The length of the fragment is 1,000 km, and it is characterized by a velocity
increase of 2.5%. The core has a thickness of approximately 100 km and exhibits relatively sharp edges (i.e., a
50 km transition thickness). Such sharp edges may favor the fast sinking of delamination materials if purely
thermal effects are involved, but the depths (~900 km) of the anomaly suggest an unrealistic sinking rate
of the delaminated mantle lithosphere within 10 Myr. Alternatively, the HVSL structure could be part of the
broad, eastward subducting FAR. In this scenario, the HVSL structure would have been caused by the subduc-
tion of the HC, thereby representing a thermal and chemical origin. Future in-depth geodynamic and high-
resolution waveform modeling of the transition structure can hopefully image this HVSL fragment with a
better resolution of its structural morphology, thereby increasing our understanding of plate dynamics and
our appreciation of surface tectonics.
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